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To develop a new composite adsorbent with high performance, fir sawdust and CaCl2 are selected as raw materials. The mass 
transfer is enhanced by carbonizing and activating the sawdust and heat transfer is enhanced by adding expanded graphite into the 
adsorbent. The effect of the preparation temperature and the expanded graphite content on the adsorption performance is investi-
gated. The results show that the new adsorbent exhibits a high adsorption performance due to its high porosity, uniform distribu-
tion and high content of CaCl2 and high thermal conductivity. Also, the experimental results indicate that the rate of ammonia 
adsorption on the adsorbent depends on the expanded graphite content and the carbonization and activation temperature. The ad-
sorbent prepared at 500°C and with the expanded graphite content of 30% has the best performance in terms of the adsorption 
refrigeration, which adsorbs ammonia as high as 0.37 g g1 at 10 min.  
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Adsorption refrigeration systems powered by low grade 
thermal energy such as waste heat or solar energy have 
drawn considerable attention due to the benefits of simple 
control, silent operation with no vibrations and lower opera-
tion costs [1,2]. However, the widespread acceptance of the 
adsorption systems is hindered by its relatively poor per-
formances and large size due to limited properties of adsor-
bents [3]. 
The adsorption capacity of physical adsorbents can hardly 
exceed 30wt% [4]. The adsorption capacity of chemical 
adsorbents (calcium chloride, strontium chloride, barium 
chloride, etc.) is rather high, however, the problem of swell-
ing and agglomeration always occurs during the adsorption 
and desorption process, which results in a poor heat and 
mass transfer and prevents putting the single chemical ad-
sorbents into practice [5]. In order to overcome these dis-
advantages, several works have been carried out [6–10]. 
Aristov and his coworkers, Wang and Zhang developed a 
new composite adsorbent by confining chemical adsorbents 
(CaCl2, BaCl2, MgCl2, etc.) into the open pores of a porous 
host matrix (silica gel, alumina, active carbon, etc.) [11–15]. 
All their studies showed that the composite adsorbent has a 
higher adsorption capacity and can solve the problem of 
swelling and agglomeration of chemical adsorbents [16–19]. 
However, the content of chemical adsorbents in the compo-
site adsorbent prepared by impregnating a porous host ma-
trix with chemical adsorbents is only 30%–40%, leading to 
a great reduction of the cycle uptake per unit mass of com-
posite adsorbent. In addition, to improve the thermal con-
ductivity, the consolidation of adsorbents is often needed, 
which weakens the mass transfer due to some channels of 
the adsorbents being blocked. That is to say, there is a con-
trast between enhanced mass transfer and enhanced heat 
transfer. 
To overcome the shortage of low content of chemical 
adsorbents in the composite adsorbents and solve the con-
trast between enhanced mass transfer and enhanced heat 
transfer, a new method for the preparation of adsorbent is 
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developed. CaCl2 and sawdust are selected as raw materials. 
CaCl2 is first impregnated into the sawdust, the mixture of 
CaCl2 and sawdust is subsequently carbonized and activated 
at a fixed temperature to prepare a new composite adsorbent 
with high porosity [20]. Next, the conductivity material, 
such as expanded graphite, is added into the composite ad-
sorbent to enhance the heat transfer. As a result, the compo-
site adsorbent has not only a developed pore structure but 
also a high thermal conductivity. The experimental results 
show that the new adsorbent exhibits a high adsorption per-
formance due to its high porosity, uniform distribution and 
high content of CaCl2, and solve the contrast between en-
hanced mass transfer and enhanced heat transfer. Here we 
first present the carbonization and activation method for the 
preparation of a new composite adsorbent, and then inves-
tigate the effect of the carbonization and activation temper-
ature and the expanded graphite content on the performance 
of the new adsorbent. 
1  Experimental 
1.1  Sample preparation 
The fir sawdust with size of 20–30 meshes and pure calcium 
chloride powder are selected as raw materials for the prepa-
ration of composite adsorbents. The raw materials are dried 
at 120°C for 24 h. Next, the sawdust is immerged into 
CaCl2 aqueous solutions with mass concentration of 50% 
for 24 h. The mixture of sawdust and CaCl2 is then filtered 
out from the solution and dried at 120°C in a vacuum drier 
until the mixture weight remains constant. Note that after 
drying, the content of CaCl2 in the mixture is 68.21wt%. 
After that, the mixture is placed into a tube furnace and ad-
sorbent is then prepared based on a combination of carbon-
ization and activation process in a single step. CO2 is used 
as the activation agent. In the one-stage process the mixture 
is heated under N2 at a rate of 10°C min
1 to a specified 
temperature in the range of 400–700°C and kept at the same 
temperature under CO2 for a specified time to yield adsor-
bent. Both the carbonization time and activation time are  
1 h. Four samples, S1–S4, are prepared according to the 
difference of carbonization and activation temperature (400, 
500, 600 and 700°C). The mixture without being carbonized 
and activated is denoted as S0. The detailed information of 
the adsorbent prepared by carbonization and activation 
method is shown in Table 1. 







of CaCl2 (%) 
Average pore 
diameter (nm) 
S1 23.77 73.79 38.72 18.2 
S2 48.24 80.57 44.54 33.9 
S3 52.96 82.03 52.03 44.1 
S4 56.80 83.25 54.89 20.5 
To improve the thermal conductivity of the adsorbent, 
the expanded graphite with size of 80 meshes and expansion 
degree of 300 is added into the adsorbent. Five samples, 
S10–S50, are prepared according to the difference of the 
content of expanded graphite. Sample S10 consists of 10% 
(in mass) expanded graphite and 90% S2, and sample S20 
consists of 20% expanded graphite and 80% S2, and so on. 
1.2  Performance test  
The adsorption performance is evaluated by the ammonia 
sorption on the adsorbent with the evaporation temperature 
of 5°C and condensation temperature of 40°C. The sche-
matic diagram of the experimental set-up is shown in Figure 
1, where valve 5 is used to regulate the pressure in buffer 
tank 3 and deflate, and valve 8 is connected to the vacuum 
pump. The adsorber is a flange connection which makes the 
replacement of the sample very convenient. The volumes of 
the buffer tank and adsorber are 23091.58 and 80.99 cm3, 
respectively. The temperatures of water are measured by 
thermocouples with precisions of ±0.1°C, and the system 
pressure is measured with two calibrated pressure transduc-
ers with ranges of 0–1 MPa and precisions of 0.1% FS. 
The experimental procedure is as follows: 
(1) The composite adsorbent is first dried at 120°C for  
24 h in an oven to make sure that all water vapor is elimi-
nated from the sample; 
(2) Fill 10 g composite adsorbents into the adsorber and 
then connect the adsorber with the buffer tank; 
(3) Create a vacuum in the adsorber for 1 h at 90°C 
through the valve 8; 
(4) Adjust the thermostatic water baths 11 and 2 at 40°C 
and 25°C, respectively; 
(5) Through the valves 4 and 5, adjust the pressure in the 
buffer tank 3 to be 354.76 kPa, which is the saturation 
pressure of NH3 at 5°C; 
(6) Open the valve 7, the adsorption starts. During the 
process, the pressures and temperatures of the adsorber 10 
and buffer tank 3 are recorded by a computer. 
The NH3 uptake, w, on the composite adsorbent is calcu-
lated by the following equation: 
 
   0 eq 1 eq 2 ad
1 2
,
p p V p V V
w
RT RT
    (1) 
 
Figure 1  Experimental set-up (1 is a high-pressure container of NH3, 2 
and 11 are constant temperature water baths, 3 is a buffer tank of NH3, 4, 5, 
7 and 8 are valves, 6 and 9 are pressure sensors, and 10 is an adsorber). 
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where T1 and T2 are the temperatures of the buffer tank and 
adsorber (K), respectively, V1 and V2 are the volume of the 
buffer tank (including the volumes associated with pipes 
and valves) and adsorber, respectively, Vad is the volume 
occupied by the adsorbents; p0 is the initial pressure in the 
buffer tank (Pa), peq is the equilibrium pressure of reaction 
(Pa), and R is the gas constant of NH3 (J kg
1 K1). 
The sample morphology is observed using a scanning 
electron microscope (SEM) (model: HITACHI S-4800). 
The elements distribution in the adsorbent is analyzed by 
HORIBA EMAX energy spectrometer. To investigate the 
crystallinity of CaCl2 in the adsorbent, X-ray diffraction 
analysis is carried out according to an XRD apparatus 
(PANalytical X’ pert Pro MPD). The thermal conductivity 
of the adsorbent is measured by non-steady state plating 
method. 
The schematic diagram of the thermal conductivity ex-
perimental set-up is shown in Figure 2. The heat flux is 
measured by a voltmeter and an ammeter with precisions of 
0.2% R, respectively. The temperatures of the adsorbent are 
measured by thermocouples with precisions of ±0.1°C. 
The experimental procedure is as follows: 
(1) Put the composites of adsorbent and expanded graph-
ite into a mould with the length × width × height of 100 mm× 
100 mm×10 mm; 
(2) Turn the switch on and record the number readings of 
voltmeter, ammeter and thermocouples; 
(3) End the experiment when the temperature difference 
between the upper and lowest surface of adsorbent does not 
change;  






    (2) 
where , U, I, , A and t are the thermal conductivity, 
heating voltage, heating electric current, thickness of adsor-
bent, area of adsorbent and temperature difference, respec-
tively.    
2  Results and discussion  
2.1  Effect of the preparation temperature on the  
adsorption performance  
The burn-off is defined as follows: 
  1 21 1Burn-off 100,1
w w
w n
    (3) 
where w1 is the weight of sample before carbonization and 
activation, w2 is the weight of sample after carbonization 
and activation, and n1 is the content of CaCl2 in the sample 
before carbonization and activation, n1=68.21%. 
It can be seen from Table 1 that the burn-off increases 
monotonically with the rise of the carbonization and activa-
tion temperature due to the removal of volatile elements 
during the carbonization and activation step. While increas-
ing carbonization and activation temperature also leads to 
the increase of the content of CaCl2 in the sample from 
73.79% at 400°C to 83.25% at 700°C. In [13], the content 
of CaCl2 in the sample prepared by confined CaCl2 into the 
pore of silica gel is only 34.85%. Meanwhile, the crystallin-
ity of CaCl2 also increases from 38.72% to 54.89% with 
increasing carbonization and activation temperature from 
400 to 700°C. Average pore diameters in the samples in-
crease first and then decrease with the increase of carboni-
zation and activation temperature.  
Figure 3(a) and (b) depict the SEM micrographs of sam-
ples S0 and S2. The SEM micrograph shows that compared 
with sample S0, sample S2 has a developed pore structure  
 
Figure 2  Schematic diagram of the non-steady state plating method. 
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Figure 3  SEM image of samples (a) S0 and (b) S2. 
due to carbonization and activation, resulting in the en-
hancement of mass transfer.  
It is obvious from Figure 4(a)–(c) that the elements of C, 
Cl and Ca disperse uniformly in sample S2, even though 
there is a partial crystallinity. 
 
Figure 4  The distribution of element in sample S2. (a) Cl; (b) Ca; (c) C. 
From Figures 3 and 4, it can be concluded that during the 
process of ammonia adsorption and desorption on the ad-
sorbent, the rich pore in the adsorbent provides the space for 
CaCl2 swelling, even though the swelling occurs, the ag-
glomeration does not take place due to the rich pore and 
uniform dispersion of CaCl2.  
Figure 5(a) and (b) describe the adsorption amount of 
four samples as a function of adsorption time under the 
conditions of adsorption temperature 40°C, desorption tem-
perature 90°C and evaporation temperature 5°C. By ob-
serving the profiles in Figure 5(a), it can be noticed that the 
amount of adsorbed ammonia on the adsorbent at 4 h in-
creases with the increase of the carbonization and activation 
temperature. In other words, the amount of adsorbed am-
monia on the adsorbent at 4 h increases with the increase of 
CaCl2 content. The adsorption amounts are respectively 
0.76, 0.82, 0.83 and 0.84 g g1 at adsorption time of 4 h for 
samples S1, S2, S3 and S4. However, when the adsorption 
time is less than 1 h, the adsorption amount first increases 
and then decreases with the increase of carbonization and 
activation temperature for four samples, as shown in Figure 
5(b). Sample S2 prepared at the carbonization and activation 
temperature of 500°C has the best adsorption performance, 
which adsorbs as high as 0.63 g ammonia per g adsorbent at  
 
Figure 5  Ammonia adsorption on four samples. (a) Adsorption time of  
4 h; (b) adsorption time of 1 h. 
 Bu X B, et al.   Chin Sci Bull   October (2013) Vol.58 No.30 3713 
the adsorption time of 1 h, indicating that the sample is 
suitable for using in adsorption refrigeration.  
The content and crystallinity of CaCl2 in sample S2 are 
greater than those in sample S1 and less than those in sam-
ples S3 and S4. The high content of CaCl2 in sample is ad-
vantageous to the ammonia adsorption. However, the in-
crease of the crystallinity of CaCl2 in sample is disadvanta-
geous to the ammonia adsorption. The synthetic effects of 
CaCl2 content and crystallinity lead to sample S2 to have 
the best adsorption performance within 1 h. The analysis 
from Table 1, Figure 5(a) and (b) reveals that the rate of 
ammonia adsorption on the sample is a composite reflection 
of the content and crystallinity of CaCl2 in the sample. And 
the carbonization and activation temperature have an im-
portant effect on the content and crystallinity of CaCl2, ad-
sorption amount and adsorption rate. 
2.2  Effect of the expanded graphite content on the  
adsorption performance  
Expanded graphite is added into the sample S2 to enhance 
the heat transfer. The thermal conductivity of adsorbents 
increases with the increase of the content of expanded 
graphite, as shown in Table 2. The thermal conductivity  
for sample S2 is 0.11 W m1 K1, while it increases to 0.28 
W m1 K1 for sample S50 with the expanded graphite con-
tent of 50%. Apparently from Figure 6(a), the adsorption 
amount at the adsorption time of 4 h decrease with the in-
crease of the expanded graphite content due to the reduction 
of the content of CaCl2 in the samples. However, the sam-
ples exhibit different adsorption characteristic at the adsorp-
tion time less than 1 h, as shown in Figure 6(b). The adsorp-
tion rates for samples S10–S50 are larger than that of sam-
ple S2 when adsorption time is less than 15 min. If using the 
adsorption amount of per kg CaCl2 as a standard for judging 
the adsorption performance, the rate of ammonia adsorption 
on the adsorbents increases with the increasing content of 
expanded graphite, especially at the beginning, as shown in 
Figure 6(c). The above analysis indicates that the addition 
of expanded graphite into the adsorbents can improve the 
heat transfer, leading to the increase of adsorption rate. 
However, the adding of expanded graphite reduces the con-
tent of CaCl2 in the adsorbent, which causes the reduction 
of adsorption capacity at the long adsorption time. So, it can 
be concluded that the adsorption capacity of ammonia on 
the adsorbent is a comprehensive reflection of the thermal 
conductivity and CaCl2 content in the adsorbent.  
Figure 6(a)–(c) show that compared with sample S2, it 
takes a short time for samples S10–S50 to reach the adsorption  
Table 2  Thermal conductivity of samples 
Sample S2 S10 S20 S30 S40 S50 
Thermal conductivity  
(W m1 K1) 0.11 0.13 0.16 0.19 0.21 0.28 
 
Figure 6  Effect of the expanded graphite content on the adsorption per-
formance (a) with adsorption time of 4 h; (b) with adsorption time of 1 h; 
(c) using the adsorption amount per unit mass of CaCl2 as the standard for 
judging the adsorption performance. 
equilibrium. Furthermore, the more the CaCl2 content is, the 
less time the sample needs to reach the adsorption equilib-
rium. For sample S2, it takes almost 4 h to reach the adsorp-
tion equilibrium, while for sample S50, it takes only 25 min.  
It can be noticed from Figure 6(a)–(c) that compared 
with other samples, sample S30 has the best adsorption 
performance when the adsorption time is less than 20 min, 
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which adsorbs as high as 0.37 and 0.49 g ammonia per g 
adsorbent at the adsorption time of 10 and 20 min, respec-
tively, indicating a suitable application for adsorption re-
frigeration due to its short running cycle.  
The above analysis indicates that the rate of ammonia 
adsorption on the adsorbent depends strongly on the content 
of expanded graphite and CaCl2 in the adsorbent. What is 
more, the addition of expanded graphite into the adsorbent 
can also solve the problem of swelling and agglomeration of 
CaCl2 during the process of ammonia adsorption due to the 
uniform dispersion of CaCl2 partly caused by addition of 
expanded graphite and the enough swelling spaces provided 
by expanded graphite.  
3  Conclusions 
To solve the contrast between enhanced heat transfer and 
enhanced mass transfer and develop a new adsorbent with 
high performance, fir sawdust and CaCl2 are selected as raw 
materials, and the carbonization and activation method are 
used for the preparation of a new adsorbent. The new ad-
sorbent exhibits a high adsorption performance due to high 
porosity, uniform distribution and high content of CaCl2 and 
high thermal conductivity. The carbonization and activation 
temperature have an important effect on the content and 
crystallinity of CaCl2, adsorption amount and adsorption 
rate. The adsorbent prepared at the carbonization and acti-
vation temperature of 500°C has the best adsorption per-
formance at the adsorption time less than 1h, indicating that 
the sample is suitable for using in adsorption refrigeration. 
The experimental results show that the addition of expanded 
graphite into the adsorbent can shorten the adsorption equi-
librium time and the content of expanded graphite in the 
adsorbent has an important effect on the adsorption rate of 
ammonia. The adsorbent with the expanded graphite content 
of 30% has the best performance in terms of the adsorption 
refrigeration, which adsorbs ammonia as high as 0.37 g g1 
and has a specific cooling power (SCP) of 801.7 W kg1 at 
the adsorption time of 10 min. Besides, the problem of 
swelling and agglomeration of CaCl2 during the process of 
adsorption and desorption has been solved by using the 
composite adsorbent prepared by carbonizing and activating 
the mixture of CaCl2 and sawdust. Moreover, the concept of 
utilizing the sawdust and CaCl2 as raw materials for the 
preparation of adsorbents is of practical interest with respect 
to the potential quantity of biomass materials around the 
world, indicating that there would be a new market for bio-
mass materials. 
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